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The survival of biological activity in irradiated transforming deoxyribonucleic
acid (DNA) has been assayed in the wild type and a radiation-sensitive mutant of
Micrococcus radiodurans. The frequency of transformation with unirradiated DNA
was lower in the mutant to about the same extent as the mutant’s increased sensi-
tivity to radiation. However, in both the wild type and the mutant, the irradiated
DNA that was incorporated into the bacterial genome was repaired to the same
extent as determined by the loss of transforming activity with increasing radiation
dose. This applied to DNA irradiated either with ionizing or ultraviolet (UV) radia-
tion. The rate of inactivation of biological activity after UV radiation was the same
in any of the DNA preparations tested. For ionizing radiation, the rate of inactiva-
tion varied up to 40-fold, depending on the DNA preparation used, but for any one
preparation was the same whether assayed in the wild type or the radiation-sensitive
mutant. When recipient bacteria were irradiated with ionizing or UV radiation
immediately before transformation, the frequency of transformation with unirra-
diated DNA fell, rapidly and exponentially in the case of the sensitive mutant but in
a more complicated fashion in the wild type. The repair of DNA irradiated with
ionizing radiation was approximately the same whether assayed in unirradiated or
irradiated hosts. Thus, irradiation of the host reduced the integration of DNA but

not its repair.

Wild-type Micrococcus radiodurans possesses
the most efficient dark repair mechanism of ra-
diation damage to deoxyribonucleic acid (DNA)
in vegetative bacteria thus far investigated (1, 2).
This bacterium is capable of undergoing genetic
transformation and is able to repair ultraviolet
(UV)-irradiated transforming DNA with the
same high efficiency that it repairs its own DNA
(12).

This study has now been extended to the repair
of transforming DNA irradiated with both UV
and v rays in the wild-type and in a radiation-
sensitive mutant of M. radiodurans.

MATERIALS AND METHODS

Bacteria. Three strains of M. radiodurans were used:
the wild type which was sensitive to streptomycin, a
mutant resistant to 200 ug of streptomycin per ml, and
the radiation-sensitive strain UV17 (9).

Media. TGY medium for growth contained tryptone
(Difco), 5 g; glucose, 1 g; yeast extract (Difco), 3 g; and
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distilled water to 1 liter. TGY agar was made by solidi-
fying this medium with 15 g of agar per liter. The 0.067
M phosphate buffer (pH 7.0) contained 4.73 g of
Na,HPO, and 4.5 g of KH,PO, per liter of distilled
water.

Survival curves of bacteria. Samples from an 18-hr
culture of M. radiodurans were added to flasks con-
taining 20 ml of TGY medium to give a turbidity
reading of 0.08 on a nephelometer (Evans Electrose-
lenium Ltd.) with an orange filter, having an approxi-
mate wavelength 590 nm (about 2.5 x 107 viable
units/ml). The flasks were swirled at 30 C until the tur-
bidity reached 0.50 to 0.55 (1.4 x 10°® viable units/ml).
The bacteria were centrifuged, washed, and resuspended
in chilled 0.067 M phosphate buffer at a concentration
of 10° viable units/ml. For UV irradiation, 5-ml sam-
ples of the washed bacterial suspension were irradiated
in petri dishes (9 cm in diameter) at a distance of 40 cm
from a Hanovia germicidal lamp (model 12). The inci-
dent dose rate was 22.5 ergs per mm? per sec. The sus-
pension was agitated during irradiation by means of a
magnetic stirrer. At intervals, 0.1-ml samples were
removed and suitably diluted into chilled TGY, and 0.1-
ml quantities were spread on TGY plates. Colonies de-
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rived from surviving cells were counted after incubation
at 30 C for 2 days.

Gamma irradiation was carried out in a ®Co source
at a dose rate of 10 krad/min. Three-milliliter volumes
of the washed bacterial suspension were irradiated,
oxygen being bubbled during the irradiation. Samples
were removed and viability was measured in the same
way as for that after UV irradiation.

Preparation of transforming DNA. A streptomycin-
resistant strain of M. radiodurans was grown to satura-
tion in TGY, washed in SSC (0.15 M NaCl and 0.015 M
sodium citrate), and resuspended in SSC at a concen-
tration of about 10 viable units/ml. The bacteria were
gently shaken for 18 hr at 37 C with 2 mg of lysozyme
per ml (EC 3.2.1.17), centrifuged, resuspended in 0.1
SSC at a concentration of about 2 x 10 to 3 x 10
viable units/ml, and lysed by the addition of 20% so-
dium lauryl! sulfate to a final concentration of 2%. The
DNA was purified by the method of Marmur (8) and
was diluted in 0.067 M phosphate buffer. The concentra-
tion of DNA was calculated from the absorption of a
suitably diluted sample at 260 nm.

Preparation of radioactive M. radiodurans DNA.
Radioactive DNA was made in the same manner. A
streptomycin-resistant strain of M. radiodurans was
grown to saturation in 250 ml of TGY containing 2
mCi of *H-thymidine (specific activity 14 Ci/mm). The
specific activity of the purified transforming DNA was
1.25 x 10* counts per min per ug of DNA.

Preparation of a crude extract of wild type M. ra-
diodurans. This was used for enhancing the frequency of
transformation in M. radiodurans (12). Wild-type bac-
teria were grown to saturation in TGY, washed, and
resuspended in 0.067 M phosphate buffer at a concentra-
tion of 2 x 10" viable units/ml. This suspension was
passed twice through a French press (pressure, 6,000
psi). Viable cells and cell wall debris were removed by
centrifugation, and the resulting extract was autoclaved
at 15 psi of steam for 15 min.

Procedure for transformation. Streptomycin-sensitive
strains, i.e., wild type or UV17, were grown in TGY at
30 C to a concentration of approximately 3 x 10° viable
units/ml. To 0.2-ml quantities of these cultures in test
tubes were added 0.05 ml of transforming DNA
(concentrations given above) or 0.05 mi of 0.067 M
phosphate buffer and 0.05 ml of crude extract of the
wild-type bacteria, and the resulting cultures were
shaken gently at 30 C for 3 hr. After appropriate dilu-
tion with chilled TGY, 1-ml samples were plated in 10
ml of TGY agar which was melted and cooled to about
40 C before being mixed with the bacteria. The plates
were incubated for about 8 hr at 30 C and then overlaid
with 10 ml of the same melted agar medium containing
200 ug of streptomycin per ml. Colonies derived from
transformed bacteria were counted after incubation at
30 C for at least 4 days.

Irradiation of transforming DNA. For UV irradia-
tion, the transforming DNA was diluted to 0.05 mg/ml,
and 1 ml was irradiated in a petri dish 4.5 cm in diam-
eter at a distance of 40 cm from the germicidal lamp.
Gamma irradiation was carried out in a *Co source at
a dose rate of 10 krad/min. The concentrations of
DNA used are described above.

Irradiation of bacteria used as recipients in transfor-
mation. M. radiodurans was grown as for transforma-
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tion experiments, washed, and resuspended in chilled
0.067 M phosphate buffer and irradiated either with UV
or v rays as described above. Quantities (0.5 ml) were
removed at various times from the irradiated suspen-
sions, centrifuged, and resuspended in 0.5-ml quantities
of chilled TGY. These suspensions were then used for
transformation in the normal way.

Measurement of DNA uptake by irradiated bacteria.
Bacteria were grown, irradiated, and resuspended in
chilled TGY as described above, and 0.3 ml of these
suspensions were gently shaken at 30 C for 3 hr with 7
ug of tritiated DNA from M. radiodurans. Deoxyribo-
nuclease (EC 3.1.4.6), 0.1 ml of 0.5 mg/ml, was added
to each culture for an additional 30 min, and the cells
were collected by centrifugation. They were washed four
times with 0.067 M phosphate buffer and then lysed with
hot 98% formic acid in scintillation vials. The formic
acid was boiled off, and 1 ml of distilled water was
added while the vials were still hot. Dioxan scintillation
fluid was added after the vials cooled, and the radioac-
tivity in each vial was measured. The radioactivity in
the supernatant fluid from the first centrifugation was
also measured. The efficiency of counting was 20%.

RESULTS

Radiation inactivation of bacteria. The dose-
response curves of the wild type and the radia-
tion-sensitive mutant UV17 of M. radiodurans to
UV and ionizing radiation are plotted in Fig. 1 (a
and b). The shapes of the curves may be defined
in terms of their intercept number (the dose ob-
tained by extrapolating the exponential part of
the curve to unit survival) and the 1/e value (the
dose required to decrease the colony count of a
culture by 63% on the exponential part of the
survival curve and thus required to give an av-
erage of one lethal event per bacterium). These
values (Table 1) were slightly different from those
previously reported (9), but the bacteria were ir-
radiated in log-phase growth as opposed to the
resting phase. The sensitive mutant was about
five times as sensitive to radiation as the wild
type.

Radiation inactivation of transforming DNA.
The survival of transforming activity as a func-
tion of UV dose to the transforming DNA is
shown in Fig. 2. Both wild-type M. radiodurans
and UV17 were used as recipients, and the sur-
vival of transforming activity was the same, al-
though there was a lower frequency of transfor-
mation in the case of UV17. Nevertheless, the
slopes of surviving activity as a function of dose
were the same, the 1/e dose being 116,000
ergs/mm?.

The resistance of transforming DNA to « ra-
diation was extremely variable. Figure 3 shows
the survival of transforming activity in two dif-
ferent preparations of DNA assayed in wild-type
and UV17 strains of M. radiodurans. The sur-
vival of transforming activity in a preparation of



' intercept Point

Surviving Fraction

10 .

1

Ll
o 8 16 24
UV Dose (ergs/mm? x 1073)

-
°l
N

Surviving Fraction

16* v T
() 400 800
¥ - Ray Dose (Krad)

F1G. 1. (@) UV irradiation survival curves of Micro-
coccus radiodurans wild type (@) and the mutant UV17
(O). The exponential portion of the survival curve has
been extrapolated to unit survival to indicate the deriva-
tion of the intercept value used in Table 1. (b) Gamma
irradiation survival curves of M. radiodurans wild type
(@) and UVI17 (O).
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DNA was the same whether assayed in wild type
or UVI17, but the slope of the survival curve
varied from one preparation of DNA to another.
For example, the 1/e values for the two DNA
preparations shown in Fig. 3 are 3.6 and 33 krad,
a ratio of 1:9 in terms of resistance, and, in an-
other DNA preparation assayed only in wild
type, the 1/e value was 155 krad, a 40-fold in-
crease in resistance compared with the most sen-
sitive batch.

The survival of transforming activity did not
become much more sensitive to radiation during
the various steps in the purification of the DNA.
Such survival in one batch of DNA was assayed
at each of the steps from the first precipitation of
DNA through the ribonuclease step to the isopro-
panol precipitation, and the survival slopes did
not vary greatly. Thus, the step which is perhaps
most important in giving quite different sensitivi-
ties of transforming activities was the lysis of the
bacteria which is not a well-defined step in M.
radiodurans. However, different batches of DNA
which showed very great differences in the sur-
vival of transforming activity after v radiation
gave identical survival when assayed after UV
irradiation, the 1/e value being 116,000
ergs/mm?.

Survival of transforming activity in irradiated
recipient bacteria. Suspensions of wild-type and
UVI17 M. radiodurans were irradiated with var-
ious doses of UV or « radiation, and their ca-
pacity to be transformed was measured as a func-
tion of dose (Fig. 4 and 5). The doses given were
quite small and on the survival curve of the bac-
teria (Fig. 1) show 100% survival. However, when
held in liquid media, irradiated M. radiodurans
shows a loss in viability which is not shown when
the cells are plated immediately (11). In these
experiments, 100% viability was maintained at as
high as 900 and 6,500 ergs of UV radiation per
mm? and at 45 and 180 krads of + radiation for
UV17 and wild-type M. radiodurans, respec-
tively. In Fig. 4 and 5, the frequency of transfor-
mation is plotted against dose to the recipient
bacteria.

Both qualitatively and quantitatively the sur-
vival of transforming activity differed in the two
recipients. In UV 17, transformation fell off expo-
nentially to almost zero. The 1/e dose for the loss
of transformability was 225 ergs/mm? for UV
radiation and 15 krad for « irradiation. These are
the 1/e values for inactivation on the exponential
part of the survival curve. In the wild type, trans-
formation decreased initially at the same rate and
then became refractory at about 20% of the ini-
tial frequency.

Repair of irradiated transforming DNA in irra-
diated recipient bacteria. The biological activity
of transforming DNA irradiated with increasing
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TABLE 1. Analysis of the dose-response curves shown in Fig. 1°

UV radiation v Radiation
dose-response curves dose-response curves
Strain
I/Erﬁasl{n' Ratio Intercept Ratio 1/e krad Ratio Intercept Ratio
Wild type ...... 1,220 1 11,000 1 64 1 640 1
UvI7 ......... 225 0.18 1,630 0.15 15 0.23 127 0.20

2The 1/e value is the dose required to decrease the viability of a culture by 63% on the exponential part of the
survival curve and is the dose required to give an average of one lethal event per bacterium. The intercept value, in
terms of dose, is obtained by extrapolating the exponential part of the curve to unit survival. The ratios are ob-
tained from the 1/e and intercept values divided by those of wild type.
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F1G. 2. Survival of transforming activity in UV-ir-
radiated transforming DNA. The upper slope repre-
sents the survival of transforming activity in one prepa-
ration of DNA (preparation 1) assayed on Micrococcus
radiodurans wild type (@) and the radiation-sensitive
mutant UV17 (O). The transformation frequency at zero
irradiation was 10-% in the wild type and 4.0 x 10-*
in UV17. The lower slope (X) is the survival of trans-
forming activity in a second preparation of trans-
forming DNA (preparation 2) assayed in the wild type
(¢f. Fig. 4). The transformation at zero dose was 8.0 x
10-¢,

doses of < radiation was assayed in unirradiated
bacteria and in bacteria irradiated with 1,800 ergs
of UV radiation per mm? (Fig. 6) and 65 krads of
v radiation (Fig. 7). Although the transformation
frequency fell when the recipient bacteria were
irradiated, the repair of DNA was not affected,

as determined by the slope of inactivation of bio-
logical activity against radiation dose. With UV-
irradiated bacteria, the loss of biological activity
was the same in irradiated and unirradiated cells,
and when the cells were y-irradiated it appeared
that the survival of biological activity was slightly
more resistant in the irradiated bacteria.

The survival of UV-irradiated transforming
DNA in irradiated hosts could not be assayed
because the drop in transformation frequency
caused by both irradiating the recipient bacteria
and diluting the DNA sufficiently to give it a
suitable dose of UV radiation prevented large
enough numbers of transformants from being
obtained to provide significant results.

Uptake of DNA into unirradiated and irra-
diated cells of wild-type and UV17 M. radio-
durans. The uptake of DNA was measured in
unirradiated and irradiated bacteria. Doses were
chosen which reduced the frequency of transfor-
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FIG. 3. Survival of transforming activity in ~y-irra-
diated transforming DNA. The DNA was irradiated at
a concentration of 1.5 mg/ml and 0.05 ml was added to
each assay tube. The continuous line represents survival
of transforming activity of preparation 1 DN A assayed
in Micrococcus radiodurans wild type (@) and UVI7
(O). The transformation frequency at zero dose was 1.2
X 10-* in wild type and 4.0 x 10-% in UVI7. The
dashed line is the survival of transforming activity in
preparation 2 DN A assayed in wild type (@) and UV17
(O). The transformation frequency at zero dose was 2.0
x 10~ in wild type and 4.0 x 10-% in UV17.
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FIG. 4. Effect of UV-irradiating the recipient bac-
teria on the frequency of transformation in Micro-
coccus radiodurans wild type (@) and UV17 (O). The
frequency of transformation at zero dose was 5 x 10~-*
Jor the wild type and 9.0 x 10-¢ for UV17.

mation to about 10% of that in the corresponding
unirradiated bacteria. As a control, unirradiated
cells were heated at 70 C for 10 min. This killed
the bacteria but did not lyse them. The amounts
of radioactive DNA taken up by bacteria under
transformation conditions are shown in Table 2.
The amount of DNA taken up was not reduced
significantly as a result of irradiation and could
not account quantitatively for the 90% decrease
in transformation.

DISCUSSION

Radiation-sensitive mutants give varipus re-
sponses when irradiated, transforming DNA is
assayed in them. For example, UV-sensitive mu-
tants of Haemophilus influenzae show a reduced
capacity to repair UV-irradiated transforming
DNA compared with wild type, although the in-
crease in sensitivity does not correlate with the
increase in sensitivity of the mutant hosts (15).
Reiter and Strauss (14) and Okubo and Romig
(13) found that mutants of Bacillus subtilis which
were six to eight times more sensitive to UV than
the wild type showed only a two- to threefold
difference in their capacity to repair transforming
DNA. They concluded that competent bacteria
(i.e., those in a state required to take up DNA)
differ quantitatively from noncompetent bacteria
in their capacity to repair UV-induced lesions in
DNA, a difference associated with the physiolog-
ical states of competence and noncompetence.
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Another UV-sensitive mutant of B. subtilis was
not different from the wild type in its capacity to
repair UV-irradiated transforming DNA, and no
differences were observed in the sensitivity of
cells during the competent stage (7).

In the case of wild-type M. radiodurans, it has
already been established that the capacity for
repair of UV-irradiated transforming DNA is
high, since it is impossible to enhance survival of
the irradiated DNA by preincubating it with
highly purified photoreactivating enzyme (12). Of
course, in UV irradiation of bacteria damage is
caused to both DNA strands, whereas in trans-
formation damage is probably confined to one

1
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FIG. 5. Effect of v-irradiating the recipient bacteria
on the frequency of transformation in Micrococcus ra-
diodurans wild type (@) and UV17 (O). The frequency
of transformation at zero dose was 3.0 x 10=* for the
wild type and 2.5 x 10~® for UV17.
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FIG. 6. Survival of transforming activity in ~-irra-

diated transforming DNA assayed in unirradiated (O)

and UV-irradiated (x) cells of wild-type Micrococcus

radiodurans. The frequency of transformation with both

unirradiated cells and DNA was 3.0 x 10-%. As a result

of irradiating the recipient cells with a dose of 1,800

ergs of UV radiation per mm?, the frequency dropped
t0 41% that of the unirradiated cells.
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strand since only one of the strands of trans-
forming DNA is incorporated into the host
genome (3). It may be assumed that since repair
of irradiated transforming DNA is the same in
the wild type and the UV-sensitive mutant of M.
radiodurans that both strains have the same ca-
pacity for the repair of damage in one strand of
DNA when the complementary strand is undam-
aged, but the wild-type is able to cope with
damage to both strands much more efficiently.
This may be the case, because the wild type has a
more closely coordinated repair sequence and
prevents repair regions from overlapping in the
two DNA strands (11).

As previously pointed out (12), UV inactiva-
tion of the biological activity of the DNA does

DNA REPAIR IN M. RADIODURANS

981

not fit a square-root plot as observed, for exam-
ple, for H. influenzae DNA. The frequency of
transformation in M. radiodurans is quite low,
but the data presented would suggest that the
inactivation is almost exponential. Agents which
cause single-strand breaks in DNA such as deox-
yribonuclease and X rays usually give such expo-
nential plots, whereas agents which produce base
damage only, such as chemical mutagens or UV
radiation, yield curves which fit the square-root
plot (5). This would suggest that the repair of
base damage in UV-irradiated transforming
DNA is complete in M. radiodurans and that
such inactivation as occurs is due to strand
breakage.

The irradiation sensitivity of the mutant UV17
is shown by irradiating it before using it as a re-
cipient in transformation. In this case, trans-
forming activity is lost at quite small doses of
radiation in the sensitive mutant but not in the
wild type. This is not due to reduced uptake of
DNA caused by irradiation, since irradiated and
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F1G. 7. Survival of transforming activity in ~-irra-
diated transforming DNA assayed in unirradiated (O)
and v-irradiated (Xx) cells of wild-type Micrococcus
radiodurans. The frequency of transformation with both
unirradiated cells and DNA was 2.5 x 107%. As a result
of irradiating the recipient cells with a dose of 65 krad
of v radiation, the frequency dropped to 14% of that of
unirradiated cells.
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TABLE 2. Uptake of *H-labeled Mecrococcus
radiodurans DN A by unirradiated and irradiated
strains of M. radiodurans®

MOSELEY AND MATTINGLY

. Counts | Counts per
Strain of . p

M. radio- Treatment of bacteria per m'? min per 0. l_

Gurans of - | m o ser
Wild [Heated at 70 C for 10 min 43| 31,500
type | Unirradiated 1,266 | 33,000
UV-irradiated 1,373 | 30,000
y-Irradiated 2,627 | 36,000
UV17 | Heated at 70 C for 10 min 43| 22,000
Unirradiated 1,027 | 41,000
UV-irradiated 5771 32,500
y-Irradiated 2,035 39,000

@ Bacteria were grown as though for a transformation
experiment. The irradiated cells were given doses of UV
or v radiation which reduced the frequency of transfor-
mation to approximately 10% of that of unirradiated
recipient bacteria. Bacteria heated to 70 C for 10 min
were killed but not lysed. The bacteria were incubated,
under transformation conditions, with *H-DNA and
then treated with deoxyribonuclease, washed several
times, and hydrolyzed; the amount of radioactivity in
the bacteria and the medium was assayed.

unirradiated cultures of both strains take up sim-
ilar quantities of DNA at doses which reduce the
transforming frequency to about 10% in the irra-
diated cultures. Thus, the reduction in transfor-
mation is connected with events which follow
uptake of DNA and probably are connected with
integration of DNA. One other feature which dis-
tinguishes the sensitive mutant from the wild type
is that the frequency of transformation under
identical conditions is about fivefold less than in
the wild type, about the same extent as its in-
creased sensitivity to UV radiation. Whether this
is a characteristic of all UV-sensitive mutants of
M. radiodurans is not clear. In the studies by
Setlow et al. (15) and Mabhler (7), the frequencies
of transformation in transformable UV-sensitive
mutants of H. influenza and B. subtilis were the
same. However several independently isolated
radiation-sensitive mutants of M. radiodurans all
show a reduced frequency of transformation.
Temperature-sensitive mutants isolated by using
similar methods, on the other hand, give normal
transformation frequencies, so that the reduced
frequency is not a result of the mutagen treat-
ment used in the isolation of the mutants. Thus,
the enzyme step in repair, the loss of which
causes UV sensitivity in the mutant, would also
appear to reduce, by about the same amount, the
integration of transforming DNA into the host
genome although not affecting its subsequent
repair.

J. BACTERIOL.

Mutant UV17 seems to be equivalent to the
exr- mutants of Escherichia coli. As described by
Witkin (16), mutations at the exr or lex locus
cause increased sensitivity to X rays, to nitroso-
guanidine, and to UV light and have no demon-
strable effect on the ability of Her* (uvr*) strains
to effect excision repair. Both exr and lex mu-
tants exhibit reduced recombination ability to an
extent that is commensurate with the reduction in
UV resistance, and they also show increased
DNA degradation after UV radiation. All of
these criteria apply to mutant UV17 of M. ra-
diodurans (9-12).

These characteristics caused Witkin (16) to
suggest that exr and /ex mutations reduce UV
resistance by reducing the efficiency of postrepli-
cation recombinational repair (4). This process is
being investigated in M. radiodurans.
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